Acrylonitrile, one of the 50 most commonly produced industrial chemicals, has recently been identified as a promoter of noise-induced hearing loss (NIHL). This agent has the potential to produce oxidative stress through multiple pathways. We hypothesize that acrylonitrile potentiates NIHL as a consequence of oxidative stress. The objectives of this study were to characterize acrylonitrile exposure conditions that promote permanent NIHL in rats and determine the ability of this nitrile to produce auditory dysfunction by itself. Additionally, we sought to determine whether a spin-trap agent that can form adducts with ROS would protect against the effects of acrylonitrile. Acrylonitrile administration produced significant elevation in NIHL detected as a loss in compound action potential sensitivity. The effect was particularly robust for high-frequency tones and particularly when acrylonitrile and noise were given on repeated occasions. Acrylonitrile by itself did not disrupt threshold sensitivity. Administration of the spin-trap agent phenyl-N-tert-butylnitrone (PBN), given to rats prior to acrylonitrile and noise, did block the elevation of NIHL by acrylonitrile. However, PBN at the dose and time interval given was ineffective in protecting auditory function in subjects exposed to noise alone. The results suggest that oxidative stress may play a role in the promotion of NIHL by acrylonitrile.
INTRODUCTION
Three primary lines of evidence have implicated oxidative stress as an important mechanism that is involved in noise-induced hearing loss (NIHL). First, pharmacological studies have documented the ability of antioxidant drugs or prodrugs to block or reduce NIHL (e.g., Seidman et al. 1993; Yamasoba et al. 1999; Henderson et al. 1999) . Second, genetic studies have demonstrated that laboratory animal models with reduced antioxidant buffering capacity are more vulnerable to NIHL than are wild-type subjects (e.g., Ohlemiller et al. 1999a Ohlemiller et al. , 2000 . Finally, there are a limited number of reports with direct evidence of oxidative stress or of increased reactive oxygen species (ROS) in subjects who have been exposed to noise (e.g., Yamane et al. 1995; Ohlemiller et al. 1999b Ohlemiller et al. , 2000 Ohinata et al. 2000a,b) .
There remain important questions concerning the extent of ROS generation as a function of noise severity and, in particular, whether moderate noise exposures can promote ROS formation. If moderate noise can promote ROS formation, then agents that disrupt ROS buffering and those that promote ROS formation might potentiate NIHL, even for noise exposures that produce little, if any, auditory impairment. There are a limited number of reports that are consistent with this hypothesis. For example, carbon monoxide promotes NIHL in rats and can promote ROS formation acutely in the cochlea (Fechter et al. 1997) . However, the spin-trap agent, phenyl-N-tert-butylnitrone (PBN), can protect against such potentiation of NIHL (Rao and Fechter 2000) . PBN is able to form adducts with ROS thereby reducing the likelihood of oxidative stress. The role of oxidative stress in cochlear injury has also been underscored as a consequence of aminoglycoside antibiotic (Garetz et al. 1994; Hester et al. 1998; Lautermann et al. 1997 ) and cisplatin (Rybak et al. 1995 Campbell et al. 1996 Campbell et al. , 1999 Kopke et al. 1997; Dehne et al. 2001 ). Both of these agents are widely recognized as promoting NIHL (e.g., Bone and Ryan 1978; Brown et al. 1980; Bhattacharyya and Dayal 1991; Gratton et al. 1990 ). In addition, Sha et al. (2001) suggested that the vulnerability of outer hair cells in the base of the cochlea to ototoxicants relative to the apex might reflect intrinsic glutathione (GSH) levels. They showed that GSH levels were higher in apical than in basal outer hair cells.
The objective of the current study was to determine whether a specific, widely used, commercial chemical, acrylonitrile (ACN) , that is capable of disrupting intrinsic ROS buffering via well-studied pathways, would potentiate NIHL. Acrylonitrile is one of the 50 most commonly produced industrial chemicals in the world (Kirschner 1996) . It is an ''intermediate'' compound used in the production of other materials including synthetic fabric such as nylon, polystyrene plastics, and nitrile rubber (IARC 1999) . In the U.S. alone, it is produced in billions of pounds per year with estimated exposure to approximately 125,000 workers (Kirshner 1996) and the potential for significant contamination via accidental release into the environment.
The toxicity of ACN appears to be related specifically to its metabolism. The predominant metabolic pathway entails direct conjugation with glutathione (GSH) leading to depletion of this important antioxidant (e.g., Benz et al. 1997) . Acrylonitrile is also metabolized by the mixed-function oxidase system (specifically by CYP2E1) yielding both a highly reactive epoxide and also cyanide (CN) (Langvardt 1980; van Bladeren et al. 1981) . Thus, ACN might potentiate NIHL by at least two different routes that involve oxidative stress. By depleting GSH, acrylonitrile may render the ear more vulnerable to ROS generated by noise exposure. In addition, the production of CN would be expected to potentially inhibit the Cu/Zn isozyme of superoxide dismutase which is found in cytosol (Weisiger and Fridovich 1973) , thus impairing function of an antioxidant defense that has been associated with cochlear protection (Ohlemiller et al. 1999a; ). In addition, CN can bind to cytochrome c oxidase (Way 1984) thereby disrupting electron transport (cf. Klassen 1996) . In addition to these potential routes to ototoxicity, it is also possible that ACN could be ototoxic through some other, unidentified pathway. This study evaluates the effect of ACN on permanent NIH with the objective of delineating exposure conditions that yield potentiation of NIHL and assessing whether or not oxidative stress plays a role in such promotion. For the latter objective, the ability of a spin-trap agent, PBN, to protect against the potentiation of noise by ACN was assessed in male Long-Evans rats.
METHODS

Subjects
Ninety-two pigmented male Long-Evans rats (90-110 days old) obtained from Harlan (Indianapolis, IN) were used to characterize ACN exposure patterns that might promote NIHL and to determine whether a spin-trap agent could be protective against such effects. The subjects were housed in their home cages with free access to food and water. Background sound levels in the colony room were below 50 dB (A). A 1/ 3 octave band analysis of this background noise level showed that sound levels in the frequency range used for threshold assessments (2-40 kHz) in the rats were below 40 dB. Temperature was maintained at 21 ± 1°C. Lights were on from 0630 to 1830. Fortyeight rats were utilized at the University of Oklahoma Health Sciences Center in two experiments designed to characterize the effects of two different ACN dosing regimens on auditory function following noise exposure. The remaining 44 rats were tested at the Loma Linda Veterans Association for Research and Education (LLVARE) in a third experiment designed to replicate findings obtained in Oklahoma and to undertake protection studies using the antioxidant agent PBN. The experimental protocols were fully approved by the University of Oklahoma Health Services Center institutional animal care and use committee (IACUC) and by the Jerry Pettis Memorial Veterans Medical Center IACUC. All exposures and testing were performed during the daytime.
Procedures
Two experiments were conducted in succession. In the first experiment, the effects of a single ACN exposure on permanent NIHL was determined. In the second experiment, five daily ACN and noise exposures were utilized to evaluate the potentiation of permanent threshold shifts (PTS). For each study, six subjects were randomly assigned to each treatment group. Subjects received exposure to ACN alone, noise alone, the two agents in combination, and untreated controls. The groups were exposed to ACN alone (50 mg/kg sc), octave band noise (OBN) with center frequency of 13.6 kHz alone at an intensity of 105 dB for 4 h, combined exposure to noise + ACN, and a control condition that entailed placement of subjects in the exposure chamber with no further treatment. A 1 h rest interval was interposed between ACN injection and noise exposure in order to provide an adequate interval for GSH depletion and CN accumulation prior to noise exposure (Fechter et al. 2003) . The effects of the five-day ACN dosing regimen on NIHL was subsequently replicated at LLV-ARE and extended using two additional groups that received treatment with the spin trap PBN prior to and following noise + ACN and PBN prior to and following noise alone. The treatment groups and the time relationships among the various treatments given are shown in Table 1 .
Exposures were conducted in a reverberant 40 L glass cylinder. Air exchange rate within the chamber was 8.5 L/min (providing approximately 12 changes per hour) with airflow being monitored by a Top Trak 821-1-PS flow gauge. The subjects were placed within small wire-cloth enclosures (15 · 13 · 11 cm) within the chamber. They were conscious and free to move within the enclosures.
Broadband noise was generated by a function generator (Stanford Research System, Model DS335, Menlo Park, CA) and bandpass filtered (Frequency Devices, 9002, Haverhill, MA) to provide an OBN with center frequency of 13.6 kHz. The rolloff for the filter system was 48 dB/octave. This signal was amplified by a Parasound HCA-1000A High Current Amplifier (Parasound Products Inc., San Francisco, CA) and fed to speakers (Vifa D25AG-05, Videbaek, Denmark) located approximately 5 cm above the subjects' wire-cloth enclosure. Sound intensity measured at the level of the rats' pinnae by a Quest Type 1 sound pressure meter (model 1700, Oconomowoc, WI) was 105 dB. A 1/3 octave band analysis of noise levels in the exposure chamber with 105 dB noise added and of ambient noise in quiet is provided in Figure 1 .
Auditory assessment
Threshold assessment was performed four weeks following the end of experimental exposures by recording cochlear action potentials (CAP) from the round window for pure tones between 2 and 40 kHz in approximately 1/2 octave steps. Auditory thresholds were assessed in a double-walled audiometric booth. The subjects were anesthetized with xylazine (13 mg/kg IM) and ketamine (87 mg/kg IM), and normal body temperature was maintained using a DC heating unit built into the surgical table. The animals were tracheotomized. The auditory bulla was opened via a ventrolateral approach to allow the placement of a fine Teflon-coated silver wire electrode onto the round window. A silver chloride reference electrode was inserted into neck musculature. The temperature of the cochlea was maintained using a low-voltage high-intensity lamp. The CAP signals evoked by pure tones were amplified 1000· between 0.1 and 1.0 kHz with a Grass AC preamplifier (Model P15, West Warwick, RI). The sound level necessary to generate a visually detectable CAP response on a digital oscilloscope (approximate response amplitude of 1 lV) was identified.
Pure tones for eliciting CAP were generated by a SR530 lock-in amplifier (Stanford Research Systems, Inc., Palo Alto, CA). A programmable attenuator controlled the tone intensity and the onset-offset ramps were set using a Wilsonics tone switch. The output of the attenuator was amplified by a highvoltage amplifier and then delivered to a 0.5 in. condenser microphone (ACO Pacific model No. 9475, Belmont, CA) that served as the sound transducer. The transducer was placed into a plastic speculum that was aligned with the rat's external auditory canal. Auditory thresholds were determined for tones of 2, 4, 6, 8, 12, 16, 20, 24, 30, 35 and 40 kHz using tone bursts of 10 ms duration with a rise/fall time of 1.0 ms. The repetition rate of the tone bursts was 9.7 times/s. At the conclusion of testing, a 0.5 in. probe microphone (ACO Pacific model No. 4015) positioned near the eardrum was used to calibrate sound levels at all test frequencies for each subject.
Statistical analyses
The data were analyzed using NCSS software (Kaysville, UT). Repeated measures analyses of variance (ANOVAs) were used to evaluate the effects of experimental treatment (between subjects) on auditory thresholds at the various test frequencies (within subjects). Planned post hoc comparisons were conducted between treatment groups using the Newman-Kuels test. Effects that exceeded a p < 0.05 using two-tailed analyses were considered significant. Figure 2 portrays the permanent effects of a single day's experimental treatment (ACN alone, noise alone, and ACN in combination with noise) on auditory thresholds in comparison with controls receiving no experimental treatment. Four weeks following treatment, a single ACN exposure (50 mg/ kg sc) in combination with noise (105 dB OBN 4 h) enhances NIHL for frequencies between 12 and 40 kHz. In this frequency range, ACN elevated auditory thresholds on average 10 dB above the effect of noise alone. By contrast, ACN by itself did not alter auditory thresholds compared with control values. Finally, noise exposure alone did elevate auditory thresholds by an average of 10 dB above control values for frequencies between 12 and 40 kHz. There are no apparent differences among treatment groups for frequencies below the noise band utilized for exposures (10-20 kHz).
RESULTS
A repeated measures ANOVA, in which experimental treatment served as a between-subject factor and frequency (2-40 kHz) was a within-subject factor, showed statistically significant effects of treatment (F 3/13 = 6.72, p = 0.0056) and of frequency (F 10/130 = 29.94, p < 0.0001). The interaction term for treatment · frequency was not statistically significant (F 30/130 = 1.46, p > 0.05). Newman-Kuels multiple comparisons between groups identified significant differences between subjects exposed to ACN + noise and those receiving ACN only and no treatment (controls). The difference between the ACN + noise and the group receiving noise alone failed to meet statistical significance. A separate repeated measures ANOVA limited to threshold data obtained only at or above the noise band was conducted. As in the more global analysis, treatment (F 3/13 = 5.87, p < 0.0005) and frequency (F 6/78 = 11.76, p < 0.0001) were significant while the interaction term was not significant (F 18/78 < 1.0). In this case, Newman-Kuels multiple comparisons did indicate a significant difference between the group treated with both ACN + noise and the groups treated with noise alone, ACN alone, and untreated controls.
The disruption of auditory function by five daily ACN + noise treatments is shown in Figure 3 . When assessed four weeks following the last experimental treatment, ACN elevated NIHL an average of 30-45 FIG. 1. Exposure chamber noise spectral analysis conducted using 1/3 octave band filter system under conditions of noise exposure and quiet (ambient noise).
FIG. 2.
Promotion of noise-induced hearing loss assessed four weeks following a single exposure to acrylonitrile (50 mg/kg sc), noise (4 h 105 dB octave band noise), combined exposure to ACN followed 1 h later by noise exposure, and no experimental treatment. While noise alone elevated thresholds for high-frequency tones, the ACN treatment was able to significantly enhance this threshold shift. Acrylonitrile by itself did not produce a permanent threshold shift.
dB at frequencies between 20 and 40 kHz and by no more than 10 dB at frequencies below 16 kHz relative to noise-treated subjects in the frequency range of 12-40 kHz. As in the single-treatment protocol (see Fig. 2 ), repeated ACN exposure had no effect upon auditory thresholds assessed four weeks later. Finally, repeated noise exposure elevated auditory thresholds an average of 17 dB above control rats in the frequency range of 12-40 kHz. A repeated measures ANOVA confirmed the differences in threshold sensitivity between groups (F 3/12 = 64.06, p < 0.0001). The main effect of frequency was also significant (F 10/120 = 55.16, p < 0.0001). In addition to significant main effects, the interaction of treatment · frequency was also statistically significant (F 30/120 = 20.01, p < 0.0001). Newman-Kuels multiple comparisons showed a significant difference between the group that received ACN + noise and all other treatment groups. Noise also elevated auditory thresholds significantly relative to the untreated controls, while ACN by itself did not elevate thresholds above control levels. Figure 4 shows the effect of the spin-trap agent PBN on promotion of NIHL by ACN over five daily exposures. As in the previous experiment, ACN potentiated NIHL, elevating the auditory threshold an average of 14 dB over the frequency range 12-40 kHz. Similarly, noise exposure produced a clear impairment (averaging 24 dB) in auditory threshold relative to control subjects. However, subjects treated with PBN prior to and again following ACN + noise treatment show approximately the same auditory impairment as do rats receiving noise by itself. That is, PBN blocked the potentiation of NIHL by ACN. However, it did not prevent an impairment of auditory function of the same order of magnitude as did noise only. Similarly, a comparison between groups receiving noise alone and PBN prior to and again following noise did not disclose a noticeable difference in auditory function between these two groups (see Fig. 5) .
A repeated measures ANOVA conducted on data presented in Figures 4 and 5 confirmed the differences in threshold sensitivity between groups (F 5/37 = 12.28, p < 0.0001). The main effect of frequency (2-40 kHz) was also significant (F 10/370 = 134.05, p < 0.0001). In addition to significant main effects, the interaction of treatment · frequency was also statistically significant (F 50/370 = 9.55, p < 0.0001). The results of this study replicate the findings of experiment 2. Newman-Kuels comparisons demonstrated that combined treatment with ACN + noise produced significantly greater auditory impairment than did noise alone, and noise by itself did produce a permanent threshold shift (PTS) relative to control subjects. Acrylonitrile by itself did not produce a PTS. Newman-Kuels multiple-comparison tests showed a Fig. 3 . Promotion of noise-induced hearing loss assessed four weeks following the last of five daily exposures to ACN (50 mg/kg sc), noise (4 h 105 dB octave band noise), combined exposure to ACN followed 1 h later by noise exposure, and no experimental treatment. While noise alone elevated thresholds for high-frequency tones, the ACN treatment was able to significantly enhance this threshold shift. Acrylonitrile by itself did not produce a permanent threshold shift.
FIG. 4.
Protective effects of PBN (2 · 100 mg/kg IP) against the promotion of noise-induced hearing loss by ACN (50 mg/kg sc) + noise (105 dB OBN 4 h) given on five successive days. Thresholds were assessed four weeks later. PBN was administered 60 min prior to ACN and, again, immediately following termination of noise exposure.
significant difference (p < 0.05) between rats receiving PBN + ACN + noise and those receiving ACN + noise (p < 0.05). The rats receiving PBN prior to treatment with ACN + noise did not show significant differences in auditory function compared with rats receiving only noise exposure. No significant difference was identified between rats receiving noise alone and those receiving PBN + noise. Finally, rats receiving noise alone were not different from those receiving PBN + ACN + noise.
DISCUSSION
A wide range of chemical toxicants as well as therapeutic agents can potentiate the risk and extent of NIHL. These agents include chemical asphyxiants (e.g., Young et al. 1987; Fechter et al. 1988 Fechter et al. , 1997 Fechter et al. , 2002 Fechter 1989; Rao and Fechter 2000) and solvents (e.g., Crofton 1994; Campo 1997; Johnson 1988; Crofton and Zhao 1997; Morata et al. 1993 Morata et al. , 1994 Morata et al. , 1997a in addition to cisplatin (Gratton et al. 1990 ) and aminoglycoside antibiotics (e.g., Bone and Ryan 1978; Brown et al. 1980; Bhattacharyya and Dayal 1991) . Prediction of additional agents that are able to increase the risk of severe NIHL is complicated by the tremendous variability in chemical structure and the diverse intentional uses of agents known to potentiate NIHL. One strategy for resolving this problem is to focus on the mechanisms by which noise exposure produces cochlear dysfunction and also upon mechanisms of toxicity by chemical agents. While there are, no doubt, multiple pathways to cochlear damage, recent data have shown that ROS play a role in NIHL.
For example, Seidman et al. (1993) demonstrated that allopurinol (a blocker of ROS formation via the xanthine oxidase system) and superoxide dismutase (intrinsic free radical scavenging enzyme) protected against noise-induced cochlear damage. Yamasoba et al. (1999) showed that attenuation of noiseinduced cochlear damage was obtained not only by administration of the hydroxyl radical scavenger mannitol, but also with deferoxamine mesylate, an iron chelating agent that might inhibit production of ROS via the Fenton reaction. Yamane et al. (1995) detected superoxide anion radicals histochemically in the guinea pig cochlea following 3 h exposure to music at 120-125 dB. Ohlemiller et al. (1999b) successfully used salicylate to trap hydroxyl radicals following intense broadband exposure to mice in vivo. Henderson et al. (1999) showed protection against impulse noise using GSH methylester and R-N6-phenylisopropyladenosine (R-PIA) to increase GSH and suggested that the phenomenon of toughening might reflect induction of pathways responsible for intrinsic ROS scavenging. Ohlemiller et al. (1999a) have shown that animals with a genetic deficiency in Cu/Zn superoxide dismutase (SOD) are more sensitive to NIHL than wild-type subjects. They also reported (Ohlemiller et al. 2000) similar outcomes in mice with targeted mutation to the gene for cellular glutathione peroxidase. More recently, a study by Ohinata et al. (2000a, b) has demonstrated lipid peroxidation in the cochlea following acute intense noise.
Oxidative stress has been implicated in the ototoxicity of several agents that potentiate NIHL, including aminoglycoside antibiotics (e.g., Garetz et al. 1994; Hester et al. 1998; Hoffman et al. 1987 Hoffman et al. , 1988 , the antineoplastic agent cisplatin Rybak et al. 1995; Campbell et al. 1996 Campbell et al. , 1999 Gabaizadeh et al. 1997) , and carbon monoxide (Rao and Fechter 2000) . Oxidative stress is also suspected to result from hydrogen cyanide treatment which also promotes NIHL (Fechter et al. 2002) . Based upon this relationship between oxidative stress and auditory impairment, we asked whether a chemical compound with clear potential to disrupt intrinsic ROS sequestration would be capable of promoting NIHL. The basis for undertaking this study was the prediction that ACN would potentiate NIHL but would not itself elevate auditory thresholds. The data presented here confirm these predictions especially following repeated noise-ACN exposures. The current work demonstrates that the widely used nitrile, acrylonitrile, does promote NIHL with prominent high-frequency effects. While the current data do not prove that the basis by which ACN promotes NIHL is oxidative stress, the protective effects of PBN are consistent with that hypothesis. It is noteworthy that such FIG. 5 . Effect of PBN (2 · 100 mg/kg IP) against noise-induced hearing loss (105 dB OBN 4 h) given on five successive days. Thresholds were assessed four weeks later. PBN was administered 120 min prior to noise and, again, immediately following termination of noise exposure. PBN administration on this schedule failed to reduce the extent of noise-induced hearing loss.
a relationship was the basis of predicting, correctly, that acrylonitrile would promote NIHL.
This study also shows that PBN does not protect auditory function against noise at the exposure levels used here, a finding that is inconsistent with reports of therapeutic effects obtained using several other antioxidant drugs. For example, Quirk et al. (1994) showed that a lipid peroxidase inhibitor (U7 4389F) could reduce auditory impairment produced by 90 dB noise exposure for 60 h in rats. Seidman et al. (1993) showed that allopurinol and SOD-PEG could reduce NIHL in rats exposed for 60 h to continuous broadband noise (90 dB). Kopke et al. (2002) demonstrated that acetyl-L-carnitine and D-methionine could both reduce NIHL and hair cell injury in chinchillas exposed to OBN for 6 h at 105 dB. Yamasoba et al. (1999) showed that the iron chelator desferoxamine, alone or in combination with mannitol, could protect against NIHL produced in the guinea pig using OBN of 115 dB for 5 h. Henderson et al. 1999) showed that R-PIA and glutathione monoethylester treatment reduced auditory impairment in chinchillas receiving 150 dB impulse noise. The lack of protection by PBN against NIHL may reflect several different factors including the 2 h time interval between PBN injection and onset of a 4 h noise exposure. Chen et al. (1990) showed that peak PBN levels in liver, kidney, and lung were attained 30 min after IP PBN administration and that tissue PBN concentrations were declining at 60 min post injection. While appreciable PBN remains in tissue at 120 min postinjection, these levels may not be inadequate to protect fully against noise treatment. Trudeau- Lame et al. (2003) recently reported that the T ½ for PBN in plasma following IV injection in rats is 2 h. In light of this recent evidence, the administration of PBN in closer time proximity to noise exposure would be important in determining its efficacy with respect to noise treatment alone. Another explanation for this lack of efficacy is that the antioxidant action of PBN is associated with adduct formation with ROS. The strategy that has been most frequently employed by other investigators is to enhance intrinsic ROS buffers such as GSH levels and SOD levels in an effort to prevent oxidative stress due to noise. Perhaps this difference in mechanism of drug action might account for the difference in drug activity. Additionally, it should be appreciated that the ability of drugs to reduce NIHL will be related also to noise intensity and duration. These variables presumably relate to the degree to which the specific noise exposure does generate ROS. Generally, the studies identified as showing positive outcomes have used more severe noise exposure than that employed here. One exception to this is the paper by Kopke et al. (2002) in which chinchillas received 6 h of OBN at 105 dB.
While this is comparable in absolute terms to our exposure (4 h OBN at 105 dB), the degree of auditory threshold shift appears to be substantially larger in the chinchilla than we observed in the rat.
The current failure to obtain protection against NIHL using an antioxidant drug is not unique. First, it might well be appreciated that published papers would be biased toward positive results in using antioxidants to protect against NIHL and that failures to detect protection by antioxidants against NIHL might go unreported. However, others have also reported mixed results. Hight et al. (2003) reported that glutathione monomethylester and R-PIA were effective in reducing auditory impairment and damage due to impulse noise in the chinchilla, but that these drugs were either ineffective or less effective in reducing NIHL resulting from continuous OBN of 105 dB for 4 h. In terms of drug efficacy, it was previously noted that PBN protects against the potentiation of NIHL by a chemical contaminant but does not protect against NIHL itself (Rao and Fechter 2000) . Thus, the current data with respect to PBN and NIHL provides somewhat of a conundrum. Direct comparisons between PBN and other antioxidant drugs in protecting both against ACN + noise and noise alone along with further studies using different noise exposures will be important in distinguishing among these different explanations.
